A mathematical description for the (Zn) -coating formation with the presence of flux in the zinc bath is presented. This description includes the progressive vanishing of the products of the flux disintegration. A function which expresses the flux vanishing is formulated. The solidification of some phase sub-layers in the (Zn) -coating is considered with the use of a hypothetical pseudo-ternary phase diagram Fe-Zn-flux. Some relationships are formulated to define the varying Zn -solute redistribution as observed across the sub-layers. The relationships are based on the mass balance analyzed for the coating / bath / flux system. An amount of the growing phase in a given sub-layers is also defined mathematically.
Introduction
The hot-dip galvanizing requires the constant temperature to be imposed for the zinc bath. It involves an isothermal solidification of the (Zn) -coating settled on the steel substrate. Some theoretical descriptions of the (Zn) -coating settlement are well known, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Usually, the Fe-Zn phase diagram for stable equilibrium is applied to these descriptions. The kinetics law for the coating growth is often the subject of some investigations, [6] , [10] and [14] . Some analyses associated with the substrate / coating reaction are also delivered, [2] , [5] and [12] . However, there are not detailed mathematical treatments which could be able to describe a flux role in the Zn -varying content formation across a given phase sub-layer.
The following inter-metallic phases are formed in the coating: Γ 1 , (Fe 3 Zn), δ, (FeZn 7 ), ζ, (FeZn 13 ) and additionally η, (Zn), [6] , [14] . The growth of the δ, (FeZn 7 ) -phase consists of two separate sub-phases formation: δ C -compact phase and δ P -palisade phase, [7] , [14] . The solidification involves Γ 1 , (Fe 3 Zn); δ, (FeZn 7 ), and ζ, (FeZn 13 ) -phases formation. The η, (Zn) -phase is settled due to the wettability phenomenon when the substrate is pulling out from the bath, [14] .
The current model is associated with the phase diagram which is calculated by means of the professional program Pandat Software due to the data delivered in Ref. [15] . At the beginning of the (Zn) -coating formation a significant role is playing by the ZnCl 2 /NH 4 Cl -flux, (Part I). Usually, the flux is almost immediately disintegrated into its gaseous form. The chlorine is dominant element in the gas which evaporates towards the bath surface. Therefore, the Fe-Zn-F (F = Cl + N + H) pseudo-ternary system is introduced into the current mathematical description of the sub-layers formation. The undercooled peritectic reactions are also included into the model.
Role of the flux in the (Zn) -coating formation
The flux application to the hot dip galvanizing technology results in: a/ improved adhesion of the (Zn) -coating to the steel substrate, and b/ appearance of the δ C -phase sub-layer which has different morphology in comparison with the δ P -phase sub-layer, (Fig. 3 , [26] ). It is postulated that the morphology of the δ C -phase sub-layer is formed due to the presence of the gaseous form of flux (and also ash) at its solid / liquid (s/l) interface. Moreover, the peritectic phase which is formed during the (Zn) -coating growth should have a varying zinc redistribution (increasing or decreasing). Therefore, some measurements of the Zn -solute redistribution were made to confirm this hypothesis, Fig. 1 . The sub-layers formation is strictly connected to the presence of the flux and especially to its gaseous form. The chlorine bubbles evaporate systematically beginning from the initial flux concentration which is assumed to be equal to about 10 [at. %]. It occurs in the bath surrounding the substrate (bath active in the coating formation). Approximately, the phenomenon of the flux decay has a character, which can be described by the Arrhenius type function, Eq. (1), Fig. 3 .
where t -time; t 0 -time of the completion of a flux evaporation, F 0 -initial amount of the flux in the bath, [dimensionless], F 0 ≈ 0.1, [6] . According to the coating growth observation, (Table 1  in Ref. [26] ) the flux evaporation was completed at time t 0 ≈ 100[s], (Fig. 13 in Ref. [26] ), for the first of the investigated steels used as the substrate, (Fig. 1a in Ref. [26] ).
It is assumed that the initial bath concentration is equal to N 
F
Γ , F δ and F ζ are the values of the function which describes the flux vanishing, Eq. (1) (flux amount in the surrounding bath) at the birth time of the Γ1 -phase sub-layer, δ -phases sub-layers and ζ -phase sub-layer, respectively, Fig. 3 .
The flux evaporation during peritectic phases formation (predicted in Fig. 3 ) decides on the Zn -solute redistribution changes observed across the adequate sub-layers. This analysis is described as follows: a/ for the stable solidification, (Fig. 4b in Ref. [26] ), when the flux is evaporating,
(2c) b/ for the meta-stable solidification, (Fig. 4b in Ref. [26] ), when the flux is evaporating, 
(5b) Theλ (t) -parameter is connected with the growth kinetics of both δ C and δ P phases (shown in Fig. 13 , [26] ). The changes of the N F 0 (t) -concentration are associated with the flux evaporation. The λ -parameter is determined from the adequate experiment. So, a/ for the Γ 1 -phase sub-layer formation, (Fig. 4b in Ref. [26] ), an elliptical relationship can be used, (it contains a power function in itself)
where g = 0.505 on the basis of the experimental results, ( Table 1 in Ref. [26] ). b/ for the δ C -phase sub-layer formation, (Fig. 11 in Ref. [26] ), a power function can be applied,
where C = 0.6, c = 0.606 on the basis of the experimental results, ( Table 1 in Ref. [26] ). c/ for the δ P -phase sub-layer formation, (Fig. 12 in Ref. [26] ), a power function is:
where P = 0.80, p = 0.53 on the basis of the experimental results, ( Table 1 in Ref. [26] ). d/ for the δ = δ C + δ P -phase sub-layers formation, (Fig. 13 in Ref. [26] ), a power function can be applied to describe the general tendency of the δ -phase sub-layer thickening
58 on the basis of the experimental results, ( Table 1 in Ref. [26] ). [26] ), a function is:
505 on the basis of the experimental results, ( Table 1 in Ref. [26] ). g/ for the [Γ 1 + δ C + δ P + ζ] -sub-layers formation, (Fig. 17 in Ref. [26] ), a function is:
58 on the basis of the experimental results, ( Table 1 in Ref. [26] ). 
C/ for the period of meta-stable solidification, (Fig. 4b in Ref. [26] ), when the flux evaporation is completed;
The theoretical description of the (Zn) -coating formation is based on the following equation which expresses the mass balance in the solid / liquid system: a/ when the flux is present in the liquid; F (x) 0, Fig. 3 ,
Eq. (9) is developed due to the mass balance described in X 0 is the Zn -solute concentration in the liquid, when the solidification is arrested; α-back diffusion parameter, as defined in Ref. [19] Thus, the differentiation of Eq. (9) yields: a/ according to Fig. 5a ,
where N S (x; α) is the solute concentration just at the interface between a given sub-layer and the liquid from which the sub-layer's phase is growing (solidus line); next, N S is the average solute concentration in the solid (average solute redistribution after back-diffusion, in fact), Fig. 5 . It is assumed, that the solute redistribution in the coating cannot be changed directly by the flux presence in the bath. Thus, the term xN S (x) in Eq. (9) is identical to the analogous term in Eq. (10) . However, the flux influences on the behavior of the liquid and consequentially its presence in the bath interplays on the nominal solute concentration, N M 0 , by the term, 1 ± F (x), Eq. (9).
The current amount of the flux F (t) ≡ F (x) in the liquid, Fig. 3 , is introduced into the relationship which expresses the mass balance in the system (shown in Fig. 5 ): 
It is in the agreement with the scheme shown in Fig. 5a .
After some rearrangements, Eq. (9) becomes as follows: a/ for the mass balance, Fig. 5a F (14) can be obtained for the constant partitioning of the Zn solute:
After some rearrangements Eq. (14) can be rewritten as: a/ for the mass balance, Fig. 5a F Fig. 3 , and Eq. (16) reduces to the following form:
Eq. (17) is the differential equation for the solute segregation without the presence of flux in the liquid, [16] . So, the model for segregation, [16] (18) is the linear equation of the first order. Therefore, it can be presented as:
where a/ for the mass balance, Fig. 5a P
where C ± is the integral constant. This constant can be determined for the initial condition which are as follows x = 0,
Two versions of the following parameters are to be introduced in order to determine the integral constant: a/ for the mass balance, Fig. 5ã 
b/ for the mass balance, Fig. 5b
Thus, a/ for the mass balance, Fig. 5a
Finally, a/ for the mass balance, Fig. 5a 
Eq. (1) and Eq. (6) yield the F (x)-function:
where the sum λ (t) = ∆Γ 1 (t) + ∆δ C (t) + ∆δ P (t) + ∆ζ (t) (with ∆Γ 1 (t) delivered by Eq. (6a), ∆δ C (t) by Eq. (6b), ∆δ P (t) by Eq. (6c) and ∆ζ (t) by Eq. (6e)) is introduced into Eq. (25) . However, it is assumed that λ (t) ≡ x (t) for the 1D mode of the coating formation. Thus,
A combination of Eq. (25a) and Eq. (1) yields Eq. (25) . Consequentially,
(25b) The peritectic phase sub-layer which is formed with the presence of flux has a varying solute redistribution (t < t 0 ), Eq. (2), Eq. (3). The varying solute redistribution within the ζ -peritectic phase sub-layer is shown schematically in Fig. 7 , and confirmed by the measurement, Fig. 1, Fig. 8 . Fig. 7 . Mass balance for the ζ -peritectic phase formation with the presence of flux as drawn due to the phase diagram for meta-stable equilibrium (analogously, the mass balance for the ζ -peritectic phase formation with the presence of flux as drawn due to the phase diagram for stable equilibrium can also be shown) The peritectic reaction is defined as follows: a/ for meta-stable conditions Some changes of the Zn -solute redistribution observed across the δ P -phase sub-layer and ζ -phase sub-layer (analyzed theoretically in Fig. 7) were measured (EDS technique), Fig. 8 . The measurement confirms that the Zn -solute redistribution varies as predicted. It is also confirmed by the varying Fe -redistribution, Fig. 8 .
The mass balance which should be satisfied during the peritectic reaction (for t S/M < t < t 0 ) can be written (according to the scheme shown in Fig. 7 ):
26c) Thus, the i ζ -amount of the Zn -solute in the ζ -phase, Fig. 7 , which results from the peritectic reaction visible in Fig.  4 , is:
The N BF , N DF -functions (plotted in Fig. 7 ) are required by Eq. (26) . 
should be reducible to the general definition for the solidification path determined for the binary system (with no flux) but for n -solidification ranges: N i−1 , k i , F (x) ) (with n = 1). It occurs when one solidification range is accompanied by one peritectic reaction. Additionally, the peritectic reaction precipitates inter-metallic phase (not compound).
The full definition of partition ratio is as follows:
Eq. (29) is the universal definition of partition ratio for the phase diagrams in which n -ranges of solidification exist.
In the consequence, the s/l interface path (solidus line) is given as: a/ for t t 0 ,
-back-diffusion parameter associated with the partitioning within the i − th -solidification range, i = 1,...n; so, the back-diffusion parameter α, Eq. (17) is now substituted by the α Finally, the redistribution path after back diffusion can be described as: a/ for t t 0 ,
BF -redistribution after back-diffusion is shown in Fig.  7 for the ζ -peritectic phase, only. The β Fig. 5 (with F (x) = 0) .
with, a h ; h = 1, ..., 6 and f 1 , f 2 defined as follows,
(33b) and
where X 0 is the parameter responsible for the arresting of solidification; the X 0 -parameter is equal to x, at which the solidification is stopped and coating morphology is frozen.
The N DF -redistribution, Fig. 7 is given by the same function as the N BF -redistribution, (Eq. (31a)), however, shifted to the new position fixed by the x min i -parameter. So, a/ for t t 0 ,
Thus, the amount of the peritectic reaction product,
, can be determined, as illustrated in Fig. 7 .
The varying solute concentration can be introduced into the definition of the amount of peritectic phase such as ζ -phase, Fig. 7 . Thus, a/ for t t 0 , Fig. 7 in Ref. [26] . (Fig. 7 in Ref. [26] ). The x min 1 -parameter is determined from the mass balance, Fig. 5b .
where, k i , is varying partition ratio, Eq. (29); α D i is the back-diffusion parameter for the phenomenon of partitioning which occurs during the x i -primary phase formation, Eq. (40), [18] ; α P i is the back-diffusion parameter introduced into the description of peritectic reaction (precipitation of the inter-metallic phase).
The competition between stable and meta-stable solidification seems to influence upon the Zn -solute redistribution revealed across a given sub-layer. Such kind of observation is shown in Fig. 10 . A hypothetical localization of the t S/Mtime is visible (bright green point on the redistribution curve), Fig. 10 . The white point on the curve defines the boundary between Γ 1 -phase sub-layer and δ C -phase sub-layer. The yellow point on the same curve shows the δ C /δ P -boundary recorded for the t 0 -time. The steep redistribution gradient can be referred to the period of stable solidification (t δ B < t < t S/M ) (white dashed line) and moderate redistribution gradient to the period of meta-stable solidification (t S/M < t < t 0 ) (yellow dashed line). On the other side the δ C -phase is the product of peritectic reaction, when t Fig. 9 , whereas the same δ C -phase is the result of partitioning, Fig. 11 , with a decaying activity of flux, when t S/M < t < t 0 .
The phenomenon of segregation (redistribution) is well known in the hot dip coating formation, [13] . However, the current model explains the difference in segregation (redistribution) for two distinguished periods of solidification, Fig. 10 . The distinguished periods of solidification (stable / meta-stable) have already been discussed for the hot dip technology, [19] , but some transient phases were predicted in the mentioned study. The current model shows the enlarged phase field for the δ -phase existence in the Fe-Zn phase diagram, Fig. 4 . So, there are no two different δ -phase fields as it was suggested in Ref. [20] .
It seems that the redistribution curvature, Fig. 10 , corresponds well with the curvature of the supposed function for the flux decay, Fig. 3 .
The phases solidification in the coating (or joint) is always preceded by dissolution, [21] . Therefore, the localization of the dissolution zone, d, is predicted, Fig. 10 . Moreover, the d -dissolution zone (distinguished in the substrate) is always accompanied by the ss -super-saturation zone, and the ssaturation zone, Fig. 10 . The Zn -solute concentration in the d, ss and s -zones is determined due to the superposition of the phase diagram for dissolution over the phase diagram for meta-stable solidification, (Fig. 20 in Ref. [26] ).
The d -zone and ss -zone are so small that cannot be revealed by the EDS -measurement. However, both zones are predicted theoretically, (Fig. 20 in Ref. [26] ).
The d -zone, Fig. 9 , evinces the N S 0 -solute concentration for the stable solidification while the d -zone, Fig. 11 The transition from stable into meta-stable solidification is justified by the criterion of the higher temperature of the s/l interface, delivered in Ref. [22] and subsequently developed for the Ni/Al system, [23] .
The boundary diffusion is assumed for the flow of the N F -liquid solution (diffusion between neighboring cells in a given sub-layer) in the current model of dissolution, The N
